ABSTRACT: A 810 nm STED nanoscopy setup and an appropriate combination of two fluorescent dyes (Si-rhodamine 680SiR and carbopyronine 610CP) have been developed for near-IR live-cell super-resolution imaging. Vimentin endogenously tagged using the CRISPR/Cas9 approach with the SNAP tag, together with a noncovalent tubulin label, provided reliable and cell-to-cell reproducible dual-color confocal and STED imaging of the cytoskeleton in living cells.
T he current live-cell STED microscopy with synthetic fluorophores typically relies on the use of overexpressed target proteins fused to a protein tag. 1 Plasmid-driven overexpression may introduce numerous imaging artifacts including protein mislocalization and/or aggregation, 2 often hampering the interpretation of such experiments. Endogeneous tagging of mammalian proteins by CRISPR/Cas9 mediated genome editing 3, 4 may alleviate these problems and has been highly beneficial for fluorescent protein-based RESOLFT live cell nanoscopy. 5 In this report, we use CRISPR/Cas9 to generate a mammalian cell line that expresses vimentin-SNAP, label it with a new far-red emitting dye 680SiR, and image with a lower phototoxicity 6 using a 810 nm deexcitation beam.
In early reports on two-color live-cell STED microscopy with synthetic organic fluorophores, the staining of CLIP or SNAP fusion proteins was realized with commercially available dyes, e.g., Atto 647N and Chromeo494. 7 The commercial STED microscopes offer a powerful pulsed 775 nm STED laser, and SiR dye 8 ( Figure 1 ), as well as several other cell-permeant rhodamines and carborhodamines 9−12 with suitable emission profiles, have been developed and employed in two-color STED imaging of living cells. Most recently, two-color STED microscopy has been extended into the IR region by using an 810 nm STED beam and a pair of NIR-emitting Si-rhodamine labels (SiR and SiR700, see Figure 1 ). 13 The near-infrared spectral region (NIR or IR-A, 700−1400 nm) is attractive for deep tissue and in vivo optical imaging. Due to reduced background autofluorescence from biomolecules, photons at longer wavelengths provide higher contrast between the objects of interest and the background and penetrate deeper into living tissue.
14 In practice, however, the absorption and emission maxima of fluorophores have been confined within 650−900 nm limits due to lower detector sensitivity above 900 nm and sample absorption bands at >950 nm.
The selection of a NIR-emitting fluorescent probe remains critical for many NIR bioimaging applications. 15 The most widely used NIR dyes are cyanines, having high extinction coefficients (typically ε > 10 5 M −1 cm −1 ), but they suffer from low photostability. 16 Porphyrins, phthalocyanins, and related polycyclic dyes have excellent photostabilities, and their emission easily reaches the NIR region. However, these large flat molecules have high molecular masses and low solubility in aqueous media. In addition, they show significant phototoxicity upon excitationan effect that has found its use in photodynamic therapy. 17 Squaraine dyes have very high extinction coefficients (ε up to 2−3 × 10 5 M −1 cm −1 ), but they are less photostable than triarylmethane dyes, undergo facile nucleophilic addition of thiols (e.g., glutathione in living cells), and readily form nonfluorescent aggregates in polar media. 18 Among the newest developments, Si-rosamine-derived dyes, 19 Ge-rhodamines, 20 sulfone-rosamines, 21 and phospharosamines 22 (e.g., Nebraska Reds, ε up to 1.
) represent fluorophores applicable in living cells. From these classes, successful generation of a cell membrane permeable probe has been achieved only with Ge-rhodamines and Sirhodamine SiR700 (Figure 1 ; SNAP-tag, F-actin, β-tubulin, and cathepsin D ligands were reported). 13 All NIR-emitting triarylmethane dyes with >SiR 2 bridges show modest fluorescence quantum yields (≤0.4), especially in aqueous buffers. Incorporation of nitrogen atoms of fluorophores into azetidinyl groups increases the emission efficiency, and it has recently been proposed for several classes of dyes. 23 The suggested mechanism is a suppression of the transition into a TICT (twisted internal charge transfer) state, considered as a major contributor to nonradiative decay of excited fluorophore molecules. However, while this modification improves molecular brightness by a factor of 4−19.2 for coumarin dyes, 2.3-fold for acridines, 2.8-fold for rhodamines, 4-fold for rhodols, and 3.1-fold for oxazines, only a 5% increase was observed for a sample carborhodamine and 42% for a Sirhodamine 23 (calculated as (εΦ)/(ε 0 Φ 0 ), where ε and ε 0 and Φ and Φ 0 are extinction coefficients and fluorescence quantum yields for an azetidine-containing dye and its dialkylamino analog, respectively, measured under identical conditions). An attempt to extend the emission of Si-rhodamines to 700 nm and beyond by fluorination of the SiR core led to compounds with a high content of the nonfluorescent lactone form. 9 An alternative way of suppressing the TICT and improving the brightness of a triarylmethane dye is based on blocking the rotation of the dialkylamino groups by their inclusion within a conformationally rigid julolidine or tetrahydroquinoline core. For example, replacement of two diethylamino groups in rhodamine B with julolidine cycles in rhodamine 101 results in nearly 3-fold improvement of the fluorescence quantum yield (Φ = 0.36 vs 0.99) and an increase in the lifetime from 1.75 to 4.91 ns in water. 24 This promising observation prompted us to synthesize a bis-julolidine-fused analog of SiR dye, 680SiR ( Figure 1 and Scheme 1).
■ RESULTS AND DISCUSSION
Synthesis of 680SiR Dye. 8-Bromojulolidine 1 was converted into a symmetrical diarylmethane 2, and the latter was transformed into the reactive blue silaxanthylium dye 3 in a one-pot procedure. Bis-orthoester 4-Br (prepared from bromoterephthalic acid) was subjected to bromine−lithium exchange, and the precursor dye 3 was added at −78°C to the excess of aryllithium reagent 4-Li. The intermediate leuco-dye (not isolated) was oxidized with DDQ, and the protecting ester groups were removed upon treatment with lithium hydroxide (see Supporting Information). 25 Use of a cationic precursor (a xanthylium salt of type 3) was critical, as the reaction of the aryllithium reagent with the corresponding electron-rich benzophenone failed to provide the desired triarylmethane. The proposed approach may also be extended to the preparation of other rhodamine analogs (carbo-or germanorhodamines with policyclic structures). The photophysical properties of 680SiR and related dyes (Figure 1 ) are given in Table 1 and Figures S1 and S2 (Supporting Information).
Endogenous Tagging of Vimentin. In previous work, selective labeling of vimentin in living cells with small molecule fluorophores was realized with overexpression employing vimentin-HaloTag fusion protein 9, 20 or genetic code expansion. 26 To facilitate robustness and reproducibility of in vivo labeling, we have generated human knock-in cell lines expressing SNAP-or Halo-tagged vimentin from its genomic locus using the CRISPR approach. 4 To this end, human U2OS cells were cotransfected with a plasmid encoding Cas9/gRNA together with a vimentin-SNAP or vimentin-Halo donor plasmid. 5 Successfully targeted vimentin-SNAP or vimentinHalo knock-in cells were identified by incubation with SiR-SNAP or SiR-Halo, 8 respectively, and individual cells were FACS-sorted into 96-well plates. Monoclonal cell lines that expressed the vimentin-SNAP or vimentin-Halo fusion protein as determined by fluorescence microscopy were kept in culture and verified by immunoblotting for transgene expression (Figure 2A and B) . All cell lines obtained were heterozygous for the respective transgene.
A Single-Laser 810 nm STED Nanoscopy Setup. For testing the performance of the new dye (680SiR) in superresolution microscopy, a home-built two-color NIR STED setup was designed for live-cell imaging ( Figure S3) . A single Ti:sapphire 810 nm laser was used for both single-and two- color super-resolution imaging (Figure 3 ). To this end, the ppolarization light from the laser was fed into a crystal fiber to generate white light. Then, it was split with a dichroic mirror into two confocal excitation channels (610/10 nm and 670/10 nm). To increase the pulse duration of the STED (810 nm) beam from the femtosecond into the picosecond range, the short laser pulses were coupled into a long (110 m) fiber, providing ∼120 ps pulses at the sample. A 2 Pi wave plate was utilized in the STED beam for the generation of a donutshaped STED beam (with zero intensity at the center of the excitation focal spot). Scanning over the sample was realized with an original quartz beam scanner (QS).
Dye Properties and Microscopy. The near-IR emitting dye 680SiR demonstrates ∼35 nm bathochromic and bathofluoric shifts compared to the parent SiR and higher preference for the fluorescent zwitterionic form in the equilibrium (lower D 0.5 values in Figure S2 , higher content of the fluorescent form). 9 In spite of this considerable red shift, the fluorescence quantum yield, extinction coefficient, and fluorescence lifetime of 680SiR in neutral aqueous buffer are as high as those of SiR. The data in Table 1 demonstrate that 680SiR is a brighter dye than SiR700, 13 where brightness is defined as a product of the fluorescence quantum yield and the molar extinction coefficient. Brighter dyes are easier to detect as they provide higher signal-to-noise ratio. The excited state lifetimes of 680SiR and SiR700 are 3.0 and 1.4 ns, respectively. The emission signals of these dyes can be separated by recording fluorescence lifetime, and thus this pair represents two complementary dyes for far-red superresolution imaging. 27 Similarly to the commercially available SiR700-C 8 label (Spirochrome) and unlike the original SiR, the conjugate of 680SiR with BG-amine (SNAP-tag ligand; see Figure 1 ) did not demonstrate a significant increase in fluorescence upon binding to the SNAP-tag protein. The observed fluorogenic response a All dyes were used as 6′-carboxy isomers. Brightness relative to SiR: (ε × Φ fl ) dye /(ε × Φ fl ) SiR ; D 0.5 is defined as an interpolated dielectric constant of 1,4-dioxane/water mixture, at which the normalized absorption of the dye is equal to one half the maximal value observed across the entire dioxane/ water gradient ( Figure S2 ). 9 For the absorption and emission spectra of the new dyes 620SiR and 680SiR, see Figure S1 . was no more than 2-fold for 680SiR and SiR700-C 8 SNAP tag ligands (cf. 7-fold response of SiR 8 even in the presence of high protein background; see Figure S4 ).
For two-color confocal and STED imaging, a blue-shifted dye can be chosen from cell membrane permeable fluorophores absorbing around 610−620 nm to ensure minimal crosstalk and clear color separation while maintaining the STED light intensity as low as possible for sufficient resolution. Several dedicated STED dyes (610CP, 620CP, 9 and a new dye 620SiR in Figure 1 ) were utilized in single color confocal imaging of genome edited vimentin-Halo expressing cells (610 nm excitation, 630−660 nm detection; Figure S5 ). From these, 610CP was the dye of our choice due to its superior brightness. A 610CP-based probe, based on a cabazitaxel derivative 28, 29 with an 8-aminooctanoic acid linker, 13 was prepared and used for staining the native microtubule cytoskeleton in vimentin-SNAP expressing cells ( Figure S6 ). The cell-to-cell reproducibility of two-color staining was verified by confocal microscopy. U2OS cells stably expressing vimentin-SNAP fusion proteins were incubated with 610CP-tubulin2 (final concentration 5 μM) to label the microtubule cytoskeleton and 680SiR-SNAP (final concentration 1 μM) for 60 min, washed for 60 min, and finally imaged using a Leica TCS SP8 beam scanning confocal microscope (Figure 4) . In a control experiment, vimentin-SNAP was labeled in the same cells with 1 μM of either 680SiR-SNAP or SiR700-C 8 -SNAP probe and imaged under identical conditions, demonstrating superior brightness of the 680SiR-derived probe in confocal images on this commercial setup ( Figure S7) .
For STED imaging, the cells were incubated first with 680SiR-SNAP and then with 610CP-tubulin2 probes ( Figure  1) , washed, and imaged in the two color STED microscope (for details, see Supporting Information). Figure 5 shows the data on optical resolution achieved in two color channels (defined in Figure S8 ). With 610CP-tubulin2 and 680SiR-SNAP probes, the apparent optical resolution values were found to be ca. 100 and 70 nm, respectively. The better optical resolution observed with dye 680SiR is not surprising because of its much higher depletion efficiency at 810 nm as compared to 610CP. While in the previous implementation of 810 nm NIR STED with SiR and SiR700 dyes, 13 insufficient separation of the emission bands of the two dyes resulted in noticeable cross-talk between the detection channels necessitating an image subtraction procedure for clear color separation, no observable cross-talk between two color channels was detected with 680SiR (see Figure 6 ).
Conclusion. We designed, engineered, and fully described here an 810 nm NIR STED setup for biology-related microscopy, implementing the longest STED wavelength reported so far. The new far-red-emitting cell-permeant silicon-rhodamine dye 680SiR, tailored to this system, demonstrated high brightness and good imaging performance and is comparable and complementary to the earlier reported SiR700 dye. 13 The observed difference between the excited state lifetimes of 680SiR and SiR700 is 1.6 ns, while several tenths of a nanosecond were shown to be sufficient for successful implementation of the multicolor fluorescence lifetime imaging (FLIM) method. 27 Therefore, we expect that this pair of dyes will fit the two-color NIR FLIM imaging scheme applicable to fluorophores indistinguishable only on the basis of their emission spectra. For the two-color STED imaging scheme implementing two excitation wavelengths and two detection windows ( Figure S7 ), fluorescent dye 610CP was identified as the complementary fluorophore demonstrating virtually no crosstalk with 680SiR.
In our study, we demonstrated the use of the CRISPR/Cas9 method for endogenous tagging of a protein of interest combined with a newly established pair of NIR STED labels (610CP and 680SiR). This approach provides stable expression of the fusion protein and therefore offers reliable and cell-to-cell reproducible dual-color nanoscale imaging in living cells.
■ METHODS
Fluorescence Microscopy. Confocal imaging with dyes 610CP and 680SiR was performed on a Leica SP8 (Leica Microsystems, Mannheim, Germany) inverted confocal microscope equipped with an HC PL APO CS2 63x/1.40 OIL objective. Images were acquired using a 700 Hz bidirectional scanner, a pixel size of 70 × 70 nm, a pinhole of 95.6 μm (1 AU), and a frame averaging of 2.
The Supporting Information contains absorption and emission spectra of the new dyes (620SiR and 680SiR); the data on the equilibrium between the zwitterionic (fluorescent) and spirolactone (nonfluorescent) forms of the dyes 680SiR and SiR (D 0.5 values); fluorogenic response of 680SiR-, SiR700-C 8 -, and SiR-SNAP ligands to SNAP-tag protein; generation of knock-in cell lines; labeling of living cells; full descriptions of 810 nm STED setup; and the synthesis of dyes and their conjugates.
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